Abstract. Spectral changes in electric field fluctuation are measured using twin heavy ion beam probes in CHS before and after an internal transport barrier is broken down. A wavelet analysis reveals intermittent behaviors of the fluctuations, and a significant correlation between fluctuation powers of the low (2.5 < f < 10 kHz) and high (30 < f < 250 kHz) ranges. The high frequency (turbulence) fluctuation increases with a decrease in the low frequency fluctuation after the back-transition. The change in the power distribution between these two frequency ranges may contribute to the improved transport on the barrier.
Introduction
The cause of transport barriers [1, 2] has been ascribed to formation of sheared radial electric field (or flow perpendicular to magnetic field) which results in the turbulence and transport reduction [3, 4] . Recent simulation and theoretical works have suggested an important role of mesoscopic structure of electric field, termed zonal flows [5, 6, 7] . Full understanding of plasma transport requires investigation of interplay between electric field fluctuation of three different scales, i. e., turbulence, zonal and mean flows. In a recent experiment in CHS, twin heavy ion beam probes (HIBP) succeeded to identify the existence of zonal flow [8] and to observe the electric field fluctuations in high temperature core. This paper reports the result of the direct measurements of electric field fluctuations on an internal transport barrier (ITB) and an interplay between the fluctuations in disparate scales.
Experimental Set-up

Compact Helical System
Compact Helical System (CHS) is a toroidal helical device of which the major and averaged minor radii are R = 1 m and a = 0.2 m, respectively. A pair of helical coils generates the confinement magnetic field that has periodicity of m=2 and n=8 in poloidal and toroidal direction, respectively. Four pairs of poloidal field coils are equipped to control magnetic axis and to shape magnetic field cage, such as ellipticity and triangularity. Two neutral beam injection (NBI) systems and two gyrotrons are used as heating apparatus. Combination of these heating methods allows a wide choice of plasma parameters. CHS has two HIBPs located in different toroidal positions by 90
• apart. The system of twin HIBPs allows us to investigate both local and global characteristics of turbulence.
Each HIBP is equipped with three channels, δφ(r − δr), δφ(r) and δφ(r + δr), to simultaneously observe the potentials at adjacent spatial points of the plasma. Potential is an integral of electric field, and its fluctuation is described as δφ(r) = δφ local + δφ path , where the first and second parts are symbolically written as δφ local = δEδl and δφ path = δEdl. The potential at the observation point located in the upper stream δφ(r − δr) is considered to be equivalent to δφ path , therefore, the local fluctuation or electric field fluctuation can be evaluated from the potential difference between two of the three local channels; for example, δφ(r) − δφ(r + δr) = δφ local .
The Gabour's wavelet (or Milligen's) is used to extract the temporal evolution of electric field fluctuation. The wavelet is a natural extension of the traditional Fourier transformation. The transformation is defined as
The auto-power is evaluated using the following formula,
, where the integral takes over a finite period of T . In the following analysis, the period of T is chosen to be 0.25 ms, or temporal evolution of fluctuation at a frequency is resolved in every 0.1 ms. The integral is simplified to summation of discrete time τ i . The interval of neighboring ensemble time is set as τ i = 1/2f . Note that the uncertain principle ∆f ∆t ∼ 1 gives a limitation of simultaneous resolutions in time and frequency to the time-dependent Fourier analysis.
Experimental Resutls
Potential and Density during Transition
The target plasma is produced with electron cyclotron resonance (ECR) heating of ∼ 200 kW. The chosen plasma parameters were, magnetic field strength B = 0.88 T, density n e 4 × 10 12 cm −3 , electron temperature T e 1 keV, and ion temperature T i 0.1 keV. In the discharge condition, the internal transport barrier is generated [9] and a back-transition often takes place in the later phase of the discharges. The measurements using the twin HIBP are performed on the discharges and happen to catch the exact moment of the transition. The necessary beam energy is ∼70 keV for the experimental condition of the magnetic field strength. The sampling rate of the HIBP signals is 2 µs, giving to the Nyquist frequency of 250 kHz. Figure 1 is an example of potential waveforms to indicate the back-transition from the state with the ITB to the one without. The first HIBP potential (the solid line) indicates the timing of the back-transition by a sharp drop at t ∼ 71.4 ms, while the second HIBP potential shows no significant change at the moment. The observation point of the second HIBP is inferred to be located exactly at the barrier foot point, while the first one is inside the barrier. This conclusion is derived from the following facts.
From the previous experiments, the width of the barrier region (or effective E rshear layer) is supposed to be ∼ 1.5 cm [9] . In the series of discharges of the experiment a significant potential drop of the second HIBP (∼ 30 V) was observed when the observation point was moved inward by 1 cm. This means that the position of 1 cm inside should be out of the effective shear layer, hence, the observation point of the second HIBP is localized in the barrier position.
In addition, the detected beam current of the second HIBP exhibits a peculiar behavior. Figure 1b shows the signals of three channels. The signals from inside and center channels indicate sharp rises at the time of transition, while the outside channel does not show an increase. A trajectory calculation including a finite diameter of the beam shows that the observation radii of the three channels are r in = 6.0, r cen = 6.4 and r out = 7.0 cm, and the distances between center and top and between center and bottom are 5 mm, and 8 mm, respectively. These facts support that the center channel should be located at the center of the barrier foot point region within the approximate error of ∼ 5 mm.
Electric Field Fluctuation around Internal Transport Barrier
The wavelet analysis is performed on electric field fluctuation. The spectra and coherence are evaluated using the traditional fast Fourier transformation in oder to obtain the statistical properties of fluctuations, particularly for low frequency range; a longer temporal window (than 1 ms) is necessary to estimate the properties of low frequency fluctuation of a few kHz. Figure 3 shows the spectra of electric field fluctuation at the barrier and with coherences between two toroidal locations before and after the back-transition. The comparison of the spectra confirms that broad-band turbulence power around ∼ 60 kHz increases after the transition, while the low frequency power of 2.5 < f < 10 kHz decreases. In addition, two obvious peaks at ∼ 20 and ∼ 40 kHz are found to be lost after the transition.
The coherence analysis shows no significant correlation in the frequency higher than 10 kHz. However, a significant coherence between two toroidal locations is found in the region less than 10 kHz. The coherence value increases up to 0.8 at ∼ 2 kHz in the state with the barrier, although the value is smaller (∼ 0.5) in the state without barrier. The long-distance correlation suggests that the electric field fluctuation in the low frequency range should be associated with zonal flows.
Interplay between fluctuations
The spectral analysis suggests that the electric field fluctuation could be divided into three parts; i) low frequency region less that 10 kHz characterized with long-distance correlation, ii) turbulence region above 30 kHz characterized with a broad-band peak, and iii) an intermediate frequency region which indicates a valley in the fluctuation power without long-distance correlation.
The wavelet analysis allows us to estimate temporal behavior of the three frequency ranges. Figure 4 shows the normalized powers of the three frequency ranges. Here, the normalized power is defined as q(
whereP (f ) and q(f l , f h ) means the power density at the frequency f and the power fraction of the frequency range from f l to f h , respectively. As is shown in Fig. 4a , the two powers evolve in a manner of anti-phase. In other words, one increases accompanied with the other decrease. This tendency is obvious particularly before the transition. Figure 4c shows the statistical analysis for the correlation between normalized powers of the three frequency ranges in the state with the barrier. 
Discussion and Summary
The low frequency range fluctuation shows that the long-distance correlation between two toroidal locations. This property suggests that the frequency range activity should reflect stationary zonal flow, although the strict identification needs confirmation of radial structure. The simple statistical analysis in Fig. 4 implies a significant links between power fractions of turbulence and lower frequency fluctuation, suggesting a causal link between zonal flow and turbulence. In addition, the difference distribution of power fraction is found for the states with and without a barrier. The fact suggests that the higher fraction of the low frequency power should contribute to transport improvement in the state with a barrier, since the fluctuation with lower frequency, at least, is expected to correspond to smaller poloidal wave number.
In the intermediate frequency range, two sharp peaks at 20 and 40 kHz are found in the spectrum of electric field fluctuation at the barrier (the first HIBP). At the frequencies, no long-distance correlation between two toroidal locations is found in electric field fluctuations , however, the significant coherence is obtained in the coherence between the electric fluctuation and the potential fluctuation. The modes should be localized in an outer region of the barrier and the potential fluctuation, which is an integrated fluctuation, should sense the fluctuation along the beam orbit , then give a significant value of coherence. No significant correlation with magnetic field fluctuation is found at these two frequencies, hence, the modes show electrostatic characteristics in the global sense. Consequently, the electrostatic characteristics and long-distance property suggest that the modes could be geodesic acoustic modes (GAMs) [12, 13, 14] .
In summary, the experimental results demonstrate difference in spectra of electric field fluctuation at a barrier position with and without a transport barrier. The distribution ratio changes between fluctuation powers of low and higher frequency ranges. In the state with a barrier, a larger fraction of low frequency power may contribute to the improvement at the barrier transport. A significant correlation between the turbulence and low frequency fluctuation power is found to suggest a causal link between zonal flow and turbulence. 
